A number of genetic systems for human genetic identification based on short tandem repeats or single nucleotide polymorphisms are widely used for crime detection, kinship studies and in analysis of victims of mass disasters. Here, we have developed a new set of 32 molecular genetic markers for human genetic identification based on polymorphic retroelement insertions. Allele frequencies were determined in a group of 90 unrelated individuals from four genetically distant populations of the Russian Federation. The mean match probability and probability of paternal exclusion, calculated based on population data, were 5.53Â10 À14 and 99.784%, respectively. The developed system is cheap and easy to use as compared to all previously published methods. The application of fluorescence-based methods for allele discrimination allows to use the human genetic identification set in automatic and high-throughput formats.
INTRODUCTION
Human identification based on genomic DNA analysis and profiling has wide application in many fields including mass disasters, crime detection and paternity identification. 1, 2 The majority of methodological approaches for human identification are based on two types of molecular genetic markers (MGMs): short tandem repeats (STRs) and single nucleotide polymorphisms (SNPs). STRs are multiallelic polymorphic markers, which make them more informative compared to usually biallelic SNPs. STR-based human identification systems have been widely used for many years and became common in forensic studies. 3 SNP-based MGMs are mostly biallelic and have therefore less discriminative power compared to STRs. An increasing number of well-characterized SNPs and some unique characteristics of this MGM type made them a useful tool for human identification [4] [5] [6] [7] Both SNP and STR assays include two steps: (i) PCR amplification of multiple loci containing MGM and (ii) identification of the number of tandem repeats or SNP allele in each amplified locus. The application of PCR at the first stage allows to use small amounts of genomic DNA to be analyzed and permits to analyze highly degraded samples. Many methodological approaches are used at the second stage, most of them involving precise determination of PCR products' length by PAGE or capillary electrophoresis with fluorescent labeling of analyzed DNA fragments, as well as quantitative real-time PCR, MALDI or microarray technology. [8] [9] [10] Although the latter methods are usually automated and have become a routine procedure, they still remain expensive because of the use of special facilities and fluorescent dyes. In the past decade, progress in human genome sequencing and methods of comparative genomics resulted in the identification of a new type of MGMs based on retroelement (RE) insertion polymorphism. [11] [12] [13] [14] [15] Recent studies revealed the existence of several thousands of polymorphic RE insertions in the human genome. This type of MGMs has several peculiarities making them attractive for human genetic identification purposes: (i) RE insertions are stable, that is there is no specific mechanism for withdrawing or removing an element from its insertion point; (ii) the probability of independent RE insertion in the same genomic locus is negligibly small, and the presence of RE indicates identity by descent; and (iii) simple identification. 16, 17 The only required methods for RE polymorphism typing are locus-specific PCR and agarose gel electrophoresis. There are several families of REs known to be polymorphic in the human genome. 18 Among them, the most convenient type of RE for human identification is Alu Y elements that are highly abundant and only about 300 bp long.
In this study, we developed the first MGM set for human genetic identification based on polymorphic RE insertions. The method is based on simultaneous amplification of 32 individual polymorphic Alu insertions by a set of primers complementary to unique regions flanking each insertion. The set was tested on 90 unrelated individuals drawn from four different Russian populations.
MATERIALS AND METHODS

Genomic DNA samples
A total of 111 human genomic DNA samples were analyzed in this study: 20 samples each were obtained from representatives of the Ukrainian, Mordvinian, Kalmyk and Komi populations. An additional set of 10 samples of genomic DNA taken from individuals of unknown ethnical origin was used for initial screening and testing parameters for PCR amplification. This group of individuals was also included in population studies. All these DNA samples were kindly provided by Dr EK Khusnutdinova (Department of Genomics, Institute of Biochemistry and Genetics, Ufa, Russia). Twenty-one DNA samples from six families from Moscow for validation of 32 Alu set in blind experiment for real case of paternity exclusion were obtained from Centre for Molecular Genetics (Moscow, Russia). Genomic DNA from a buccal scrape sample was isolated using a DIAtom DNA Prep100 kit (IsoGene, Moscow, Russia). All research on human subjects was conducted in accordance with generally accepted ethical standards.
Selection of highly informative polymorphic Alu
The search for polymorphic Alu insertions suitable for the MGM set was performed in a recently published 18 integrated polymorphic repeats database available at http://labcfg.ibch.ru/Home.html. To select polymorphic Alu repeats, we used the following criteria: (i) nine pairs located each on human chromosomes from 1 to 9 and 13 individual insertions each located on chromosomes from 10 to 22 (in total, 31 autosomal Alu polymorphisms). In case of two Alu elements per chromosome, the distance between the insertions was about 50 million base pairs to ensure independent inheritance. In addition, a non-polymorphic Alu insertion present on chromosome X and absent from the homologous locus on chromosome Y was selected for sex identification; (ii) the insertions are polymorphic in human populations with the allele frequencies between 0.25 and 0.75 where the population data were available; (iii) the insertions are located in loci containing few or no repetitive elements of other type.
Primer design and PCR amplification
All primers were designed according to the following criteria: (i) PCR product length is 200-300 bp for empty alleles and 500-600 bp for Alu-containing alleles; (ii) PCR primers are complementary to unique genomic regions (tested by NCBI Blast and UCSC in-silico PCR); and (iii) the annealing temperature for all primers is 581C. The Gene Runner program was used to test and avoid possible primer-dimer formation. The amplification profile for the primer set was as follows: 951C for 20 s, Testing the set for template DNA input quality and quantity
The amount of template genomic DNA required for genotyping using our primer set was estimated in a separate experiment; 1, 2, 5, 10, 20 or 50 ng genomic DNA per reaction were used as a template for PCR amplification. All other reagents were added to the PCR mixture as described above. Four aliquots of genomic DNA were treated with an ultrasonic horn (Cole-Parmer CP750, Cole-Parmer, Vernon Hills, IL, USA) for 5, 10, 20 and 30 cycles for 3 s each with 10 s intervals at the highest power level. In all, 10 ng of the sonicated genomic DNA from each aliquot was then amplified with the primer set using the same conditions and reagents as described above.
Allele frequencies evaluation
Candidate polymorphic Alu markers were tested for Alu-containing and Alulacking alleles in all 90 individuals by locus-specific PCR. At this stage, Alu insertions that did not meet the selected allele frequency limit were discarded, and new markers from the same chromosome were taken and tested for allele frequency.
Statistical calculations
For population studies, the gene counting method was used to calculate the allele frequencies for each locus. Fisher's exact test and the w 2 test were performed using the Genetic Data Analysis software to evaluate the compliance with Hardy-Weinberg equilibrium and independent inheritance of pairs of polymorphic Alu markers located on the same human chromosome. The probability (P i ) for two randomly selected individuals to have identical multilocus profiles was estimated using genotype frequencies as described in Ref. 19 P e was defined as the probability for a random male candidate to be excluded from paternity when the maternal genotype is known. 19 
Real-time PCR
To evaluate the use of our 32 Alu marker set with fluorescence-based methods for detecting allelic variants SYBR Green I-based RT-PCR amplification was performed in an Mx3005P quantitative PCR system (Stratagene, La Jolla, CA, USA).
The amplification was performed in a 15 ml final volume containing 10 ng genomic DNA, 1Â PCR buffer for Encyclo (Evrogen), 200 mM each of dNTPs, 1:30 000 dilution of SYBR Green I (Invitrogen, Carlsbad, CA, USA), 0.2 mM each of primers (Al-4a For/Rev or Al-8b For/Rev) and 0.3 ml of 50Â Encyclo polymerase mix (Evrogen). The thermal profile was a 5-min denaturation step at 951C followed by 40 cycles of 951C for 10 s, 581C for 20 s and 721C for 30 s. The fluorescent product was detected at the last step of each cycle. After amplification, the melting curve was obtained by heating the product to 951C followed by cooling to 551C and then slow heating at 0.21C/s to 951C with fluorescence measurement at 0.51C intervals.
RESULTS
The strategy to select MGMs for human identification in the case of biallelic polymorphism is well known from the SNP-based analysis. 4, 7 Similar to SNPs, polymorphic REs are distributed differently among human populations, some of them being restricted to a particular human group(s), whereas the others are distributed evenly among many populations. 13, 20, 21 Evenly distributed polymorphic RE insertions are suitable for human genetic identification. We have used our recently created database PRED 18 to select highly informative Alu insertions for human identification. In this database, we have collected data about polymorphic REs identified in our lab and by other research groups worldwide. The database contains comprehensive information about each polymorphic RE: genome location, population frequencies and references. However, it should be mentioned that the collected data may be partly incomplete. First, some REs suggested to be polymorphic may be not true polymorphic insertions. 22 This drawback is usually a consequence of inaccurate primer design resulting in simultaneous amplification of multiple genomic loci both containing and lacking the RE insertion. It is already known that the human genome contains large duplications, 23 and amplification of such loci leads to mimicry of true polymorphisms. Second, many RE insertions were predicted by computational screening, and their polymorphism was not confirmed by subsequent experimental studies. 11, 24 Consequently, the selection of Alu insertions required some additional studies to meet the criteria indicated in 'Materials and methods.' At the first computational stage we selected 31 autosomal loci: 18 on chromosomes from 1 to 9 (2 per chromosome) and 13 each on 1 of the remaining human chromosomes (from 10 to 22). The Alu insertions within these loci met the following criteria ( Figure 1 ): (i) they were located in unique genomic loci having no paralogs in other genomic regions and containing no or a few other repetitive New human genomic identification marker set IZ Mamedov et al elements 300 bp upstream and downstream of the insertion point. Those Alu insertions for which the data are available were evenly distributed in human population and their allele frequencies were in the range between 0.25 and 0.75. We also selected an Alu insertion to use for gender determination. For this purpose, we identified two paralogous loci located on human chromosomes X and Y, one of them containing an Alu insertion (on chromosome X) and the other lacking the insertion (on chromosome Y). In this case, amplification of genomic DNA with primers complementary to the sequences flanking the Alu insertion on chromosome Y will give two PCR products if male DNA is used as a template, but only one product when female genomic DNA is used. At the second stage, we designed 32 pairs of primers corresponding to unique genomic sequences flanking the points of selected Alu insertions taking into account that PCR products should be of similar length and primers should have close annealing temperatures (see Materials and methods). At the next stage, each primer pair was tested on a set of genomic DNA samples taken from 10 unrelated individuals of unknown ethnic origin. The final set of selected primers meeting all criteria of PCR amplification and polymorphic Alu frequencies (see below) is listed in Table 1 . An example of PCR amplification of all 32 polymorphic Alu loci of a single individual is shown in Figure 2 .
By varying the DNA content in a PCR reaction from 50 to 1 ng, we estimated the minimal amount of DNA required for human identification by our method. This test showed that for all concentrations of genomic DNA and for all 32 primers, PCR products were visible on agarose gel after 30 cycles of PCR, and the resulting patterns of polymorphic insertions were the same. We can thus conclude that as little as 32 ng genomic DNA of one individual is sufficient to perform an unambiguous and reproducible human genotyping test. Even less template DNA can be successfully analyzed using a reasonably increased number of PCR cycles. We also performed a human identification test on genomic DNA purified from a buccal scrape. These results suggest a rather high sensitivity of the human genotyping using our set of polymorphic markers and its applicability to various sources of genomic DNA.
In many cases, such as mass disasters, it is necessary to identify victims when their genomic DNA is highly degraded. In genomic PCR, significant DNA degradation will result in preferential amplification of shorter fragments thus leading to misinterpretation of the obtained amplification pattern, especially in the case of heterozygotes. To evaluate the level of DNA degradation that might critically affect the results of genotyping, we performed a special experiment. Genomic DNA was ultrasonically degraded to a different extent as described in 'Materials and methods.' The degradation level was evaluated by agarose electrophoresis. We observed a gradual decrease in the average length of DNA fragments with increasing sonication time, and no difference between samples after 20 and 30 cycles of ultrasonic degradation. The latter means that 20 cycles is sufficient to achieve the maximum degree of genomic DNA fragmentation by means of ultrasonic treatment. We performed amplification with the 32 polymorphic Alu primer set using genomic DNAs degraded for 5, 10, 20 and 30 cycles. The polymorphic Alu pattern was in all cases the same as for non-degraded DNA. These results indicate that even significantly degraded DNA samples could be genotyped correctly using the proposed set of polymorphic markers.
Allele frequencies for each of 31 autosomal polymorphic Alu insertions were analyzed for 80 individuals from genetically and geographically distant Russian populations: the Ukrainians, Mordovians, Kalmyks and Komi. Ten unrelated individuals from Moscow region used for the initial polymorphism evaluation were also included into the population study. The observed allele frequencies are listed in Table 2 . Alu-containing/Alu-lacking allele frequencies varied between 0.29: 0.71 and 0.74: 0.26 in the set of 90 individuals. However, the allele frequencies for each population analyzed varied more significantly -from 0.075: 0.925 to 0.8: 0.2 (see Supplementary  Table 1) indicating that some populations have their genetic peculiarities and a complex character of ethnic groups formation. We did not observe significant (Po0.05) Hardy-Weinberg disequilibrium for each of 31 autosomal Alu markers (except Alu 8b) using exact Fisher and the w2 test for the set of 90 individuals. Pairs of polymorphic Alu insertions located on the same chromosome showed no significant (Po0.05) linkage. The mean match probability was calculated at 5.53Â10 À14 for 32 markers (31 autosomal+1 X/Y), and the probability of paternal exclusion when the maternal genotype is known for 31 autosomal markers at 99.784%. Thirty-one autosomal polymorphic Alu insertions generally had an even distribution among inhabitants of the Russian Federation. We compared the distribution of allele frequencies for the Alu insertions with previously studied populations. 13, 14, 25, 26 No significant differences between our and previously published results obtained for genetically and geographically distant populations (see Supplementary Table 1) were observed. These results suggest that the selected 32 Alu set can be successfully used for human genetic identification worldwide.
To validate our 32 Alu marker set in a real paternity identification blind experiment we obtained 21 DNA samples from six families from Centre for Molecular Genetics without any data on paternity and genotyped all individuals using our set. We analyzed obtained Alu profiles in each family marker by marker and as a result in three families fathers were excluded based on mismatch in 4-10 Alu loci (see Supplementary Table 1, families) . For the other three families all 32 markers matched perfectly between suspected father, known mother and children. The results of our paternity identification were identical with those obtained by our colleagues from Centre for Molecular Genetics using commercial AmpFLSTR Identifiler PCR amplification kit (Applied Biosystems, Carlsbad, CA, USA). The probability of paternal exclusion for real cases varied from 99.9571 to 99.4655% in families with confirmed paternity. To further validate the power of our 32 Alu marker set for individual identification in blinded study we provided all primer pairs along with randomly selected 10 DNA samples from our set of 90 individuals to the other laboratory. After 32 Alu genotyping they were able to correctly identify all the 10 samples tested in our 32 Alu profile database. The 32 Alu genotypes obtained in the other lab were identical to genotypes identified by us in population studies.
Fluorescence-based methods for detecting allelic variants are now widely used in routine laboratory practice. 3, 7, 8 The use of fluorescence-based approaches allows performing large-scale human genetic tests and significantly reduces contamination because of keeping laboratory microtubes closed after PCR amplification. Accordingly, we checked the possibility of polymorphic Alu allelic discrimination by means of real-time PCR with Sybr Green dye and dissociation curves analysis using two primer pairs from our set. As a result, we observed two distinct dissociation peaks corresponding to Alucontaining and Alu-lacking PCR fragments ( Figure 3 ). All three possible genotypes could be clearly distinguished by dissociation curve analysis after PCR reaction.
DISCUSSION
Mass human genotyping is of increasing importance. Creation of human genotype databases can resolve many problems related to identification of victims of mass disasters, suspect identification using biological material taken at the scene of a crime, paternity identification, and so on. In several countries, projects of human genotype databases for all population or for some population categories are being discussed. Human genetic passports will include many MGMs of different types including STRs and SNPs. Although these ambitious projects appear to be time, money and labor consuming, they might give serious advantages in many aspects of life. Significant progress in human genome sequencing technologies might result in individual genome sequences in the next 10-20 years. The complete genome information for every individual will stimulate medical genetic studies and provide a lot of personal DNA markers. Nevertheless, a compact universal set of neutral markers to create 'genomic fingerprints' would certainly be of use. Therefore, the introduction of a genetic marker set that allows rapid, easy and cheap human identification is a very important and urgent task. Many human identification genetic systems based on STRs and SNPs have been developed and used since human genome structure was published and information on human genome diversity accumulated. 3, [5] [6] [7] Initially, the most commonly used human genotypic systems were based on STRs, each of them having multiple alleles with different population frequencies. These markers possess a very strong discrimination power but have a higher mutation rate as compared with SNP or RE 3, 27 and laborious and expensive allele identification. The acquisition of data on human SNPs has resulted in systems based on this type of MGMs. Each individual SNP is in most cases biallelic and has less discriminative power than STR. However, the use of a greater number of polymorphic loci provides a sufficiently high level of discrimination comparable with that for STR-based systems. 7 In addition, SNP markers have a reduced mutation rate as compared with STRs. Multiple methodological approaches have been developed for SNP allele detection based on allele-specific PCR, mass-spectrometry, and so on. In most cases, STR and SNP typing requires locus-specific amplification with a set of primers followed by allele detection by capillary electrophoresis or allele-specific real-time PCR. In the past decade, a new type of MGMs based on RE insertion polymorphism has become popular in population studies. [28] [29] [30] [31] [32] These markers belong to a biallelic indel (insertion/deletion) polymorphism type and are characterized by several features making them good candidates for human genetic identification. Multiple studies intended to identify new polymorphic RE insertions resulted in an increasing number of candidate MGMs scattered across the whole human genome. The data on genomic location and population distribution of many polymorphic RE insertions are collected in two public databases. 18, 26 Recently, we showed the applicability of RE-based genetic markers to cell line fingerprinting. 33 Thirty-eight dimorphic RE insertions (17 L1 and 21 Alu) were used for genotyping of different cell lines, and unique multilocus profiles were obtained for each cell line. Here, we used 32 highly polymorphic and evenly distributed Alu insertions to create a simple and cheap human genetic identification system. Comparison of the results of our studies and earlier published data showed that each of the selected polymorphic Alu insertions was present in genetically distant populations with compared allele frequencies. These data are encouraging; however, validation of the 32 Alu set on larger human sample panel before wide use is needed. The calculated mean match probability 5.53Â10 À14 indicates that the discrimination power of the proposed set is comparable with that of existing genetic identification systems, 3, 4, 6, 7 and is sufficient for kinship determination or genetic 'passportization.' The probability of paternity exclusion, when the maternal genotype is known, was calculated at 99.784% that is comparable with existing SNP-based genetic tests (98.9% for 22 SNPs and 99.91-99.98% for 52 SNPs). The power of proposed Alu-based set was successfully validated in two blinded experiments on paternity exclusion and individual identification.
Owing to limited amounts of DNA in many crime cases, it is important to perform genetic tests on samples with only traces of genomic DNA. As mentioned above, we have shown that as little as 32 ng of input template is sufficient for typing of all 32 polymorphic Alu insertions, and that limited amounts of DNA do not prevent the correct allele determination. We have also concluded that DNA from just one buccal scrape is sufficient for correct 32 Alu typing and there is no need to take blood for obtaining human genetic profiles. Ultrasonic DNA degradation was shown to have little effect on the accuracy of the human genotyping using the 32 polymorphic Alu set. However, a deeper DNA degradation can prevent amplification of Alu-containing alleles, and this should be taken into account when analyzing some particular types of human samples (eg fire-affected samples).
We have shown that fluorescence-based dissociation curve analysis after PCR amplification can be successfully used for allele discrimination. Clear separation of two peaks corresponding to Alu-containing and Alu-lacking PCR products is ensured by significant difference in length (about 300 bp) and is additionally enhanced by the high GC content of Alu elements. Thus, the proposed human genotyping system can be easily adapted to high-throughput automatic format and studies where the problem of contamination, such as contamination of PCR products or sample cross-contamination, is critical. Another possible development of the proposed Alu markers system is creation of multiplex reactions where several primer pairs corresponding to different Alu loci can be amplified and analyzed in single PCR reaction. This approach was successfully tested earlier on polymorphic Alu repeats 34 and can significantly increase the cost effectiveness of human identification system, however, making data analysis more complex.
In conclusion, in this paper we propose RE-based set for the human identification purposes for the first time. We have shown the use of the proposed set for different forensic applications, however, the package needs to be further developed and carefully validated before routine laboratory use. The proposed approach can be applied as an additional, cheaper and compact variant of existing commercial packages rather than substitute them in all forensic applications. New human genomic identification marker set IZ Mamedov et al
